Analytical and experimental study of the ''gas buffer'' concept  Final report, 23 Jun. 1967 - 22 Jan. 1968 by Crosby, J. K.
NASA CR-66624 
February I968 
Fina l  Report Covering the Period June 23, 1967 to  January 22, 1968 
ANALYTICAL A N D  EXPERIMENTAL STUDY 
OF THE “GAS BUFFER” CONCEPT 
Prepared for: 
LANGLEY RESEARCH CENTER 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
HAMPTON, VIRGINIA 23365 CONTRACT NASI -7392 
,By: JOHN K. CROSBY 
S R I Project 6726 
D i s t r i b u t i o n  of t h i s  repo r t  i s  prov ided  in the  i n te res t  of i n fo rma t ion  exc:honge. 
c o n t e n t s  r e s i d e s  i n  the  author  or o rgan iza t i on  tha t  prepared i t .  
R e s p o n s i b i l i t y  for t he  
Approved: L. 8. SEELY,  CHAIRMAN 
F A S T  R E A C T I O N S  D E P A R T M E N T  
MARJORIE W .  EVANS,  D I R E C T O R  
P O U L T E R  L A B O R A T O R Y  F O R  
H I G H  P R E S S U R E  R E S E A R C H  
4 1. I 
Copy No. ,............... 
i? I ‘3 
https://ntrs.nasa.gov/search.jsp?R=19680016175 2020-03-12T10:55:32+00:00Z
Sec t ion  1 
I NTRODUCTI ON 
The p r o j e c t  descr ibed  i n  t h i s  r epor t  grew out  of e a r l i e r  work, 
performed f o r  NASA's A m e s  Research C e n t e r ,  on the implosive gun concept.  
I t  w a s  thought t h a t  t h e  e a r l i e r  work demonstrated t h e  ope ra t ion  of a l l  
the  e s s e n t i a l  f e a t u r e s  of such guns,  but t h e  r e sea rch  had not  q u i t e  
reached the  po in t  where an ope ra t ive  combination had been put together. 
The present  p r o j e c t  was t h e r e f o r e  undertaken w i t h  t h e  l i m i t e d  goa l  of 
demonstrat ing t h a t  t he  p i eces  of the design could indeed be put  t oge the r  
a s  expec ted ,  Once t h i s  had been done s u c c e s s f u l l y ,  a d d i t i o n a l  work could 
be proposed t o  opt imize the des ign  and extend i t s  performance. 
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Sec t ion  2 
SUMMARY 
Four complete s h o t s  were f i r e d  without s u c c e s s f u l l y  launching an 
i n t a c t  p r o j e c t i l e .  One of the fou r  shots  was timed i n c o r r e c t l y  and 
could no t  have been s u c c e s s f u l ;  however, t h e  cause of t h e  f a i l u r e  of 
t he  o t h e r  t h r e e  i s  not  a t  a l l  c l e a r .  Several  poss ib l e  causes  a r e  
d iscussed  i n  t h i s  r e p o r t ,  but  it was not poss ib l e  w i t h i n  t h e  t i m e  
c o n s t r a i n t s  of t h i s  p r o j e c t  t o  determine which of these was impor tan t .  
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Sec t ion  3 
BACKGROUND 
The r e s u l t s  of t h e  two Years of work supported by NASA A m e s  under 
* 
Contrac t  NAS2-1361 were presented i n  the  f i n a l  r e p o r t  on t h a t  p r o j e c t .  
A few of t h e  p e r t i n e n t  po in t s  covered t h e r e  a r e  a l s o  included he re  a s  
background f o r  t h e  p re sen t  p r o j e c t .  
The b a s i c  concept of an implosive a c c e l e r a t o r  i s  shown i n  F ig .  1. 
A tube  conta in ing  a gas i s  co l lapsed  by a surrounding cy l inde r  of explo- 
s i v e .  The co l l apse  starts a t  one end and moves along t h e  t u b e ,  t hus  
fo rc ing  t h e  gas ahead of i t  a s  a p i s ton  would, Since t h e  v e l o c i t y  of 
t h i s  c o l l a p s e  poin t  or p i s t o n  i s  t y p i c a l l y  h igher  t han  t h e  sound speed 
i n  t h e  g a s ,  a shock f r o n t  i s  formed which moves out ahead of t h e  p i s t o n .  
The growing s lug  of compressed and acce le ra t ed  gas  between t h e  p i s t o n  
and t h e  shock f r o n t  can then be used e i t h e r  a s  a d r i v e r  f o r  a shock tube  
or t o  a c c e l e r a t e  p r o j e c t i l e s  i n  a gun. 
Th i s  s y s t e m  was s t u d i e d  i n  some d e t a i l  during t h e  NASA Ames work, 
w i t h  t h e  fol lowing resu l t s :  
1. 
2 .  
3 .  
4 .  
When g l a s s  was used as t h e  tube ma te r i a l  and helium a s  
t h e  gas ,  t h e  shcck f r o n t  moved a s  expected f o r  a t  l e a s t  
ha l f  a meter. 
Such moving s l u g s  of gas could be used t o  a c c e l e r a t e  Lexan 
p r o j e c t i l e s  through a heavy-walled s tee l  t u b e ,  
The ca l cu la t ed  peak pressures  on t h e  Lexan p r o j e c t i l e s  
were over 6 kbar and t h e  measured a c c e l e r a t i o n  curve 
agreed q u i t e  w e l l  wi th  t h e  ca l cu la t ed  one. 
Short  s tee l  tubes  could be co l lapsed  i n t o  a s o l i d  rod 
without  any s i g n  of j e t t i n g  e i t h e r  on t a r g e t s  or i n  
X-ray p i c t u r e s  of t h e  process .  
* Crosby, John K .  and Stephen P .  G i l l ,  " F e a s i b i l i t y  Study of an 
Explos ive  Gun," NASA CR-709, April  1967. 
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On t h e  b a s i s  of t h i s  in format ion  i t  appeared p o s s i b l e  t o  des ign  a gun 
t h a t  could use a thin-wal led r a t h e r  than a thick-walled tube  f o r  p r o j e c t i l e  
launch,  so t h a t  i t  could l a t e r  b e  co l lapsed  by explos ive .  Thus t h e  p i s t o n  
would not  need t o  s t o p  a t  t h e  beginning of t h e  launch tube  but  could 
cont inue down t h e  tube ,  chasing t h e  p r o j e c t i l e  i n d e f i n i t e l y .  
The l a s t  sho t  f i r e d  under t h e  NASA A m e s  c o n t r a c t  was a t r i a l  of 
t h i s  continuous p i s t o n  concept.  Although t h e  p r o j e c t i l e  d i d  remain 
i n t a c t  ( judging by t h e  c r a t e r  i t  formed), i t  emerged from t h e  b a r r e l  
q u i t e  a b i t  l a t e r  t h a n  t h e  ca l cu la t ions  p red ic t ed  and w a s  moving a t  a 
low v e l o c i t y .  The most l i k e l y  reason for t h i s  behavior  seemed t o  be 
gas  leakage  around t h e  p r o j e c t i l e  due t o  expansion of t h e  tube  during 
t h e  high-pressure phases of acce le ra t ion .  
EXPLOSIVE CYLINDER 
COAXIAL WITH CENTRAL TUBE 
BEFORE PRESSURE MOVING 
DETONATION TO RIGHT AT DETON- 
61-4511-13 ATION VELOCITY 
FIG. 1 SCHEMATIC OF EXPLOSIVE ACCELERATOR 
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Sec t ion  4 
WORK PERFORMED UNDER CURRENT CONTRACT 
The f a i r  success  of: t h e  f i n a l  shot under t h e  A m e s  con t r ac t  and t h e  
b a s i c  knowledge gained e a r l i e r  concerning t h e  behavior of imploding 
s y s t e m s  suggested t h a t  wi th  only minor modi f ica t ions  t h e  continuous 
p i s t o n  des ign  could produce r e s u l t s  c lose ly  conforming t o  those  pred ic ted  
by c a l c u l a t i o n s .  I n  such c a l c u l a t i o n s  it i s  seen  t h a t  t he  gas  between 
t h e  p i s t o n  and t h e  p r o j e c t i l e  does not a c t  a s  t h e  energy source  f o r  t he  
p r o j e c t i l e  a s  i t  does i n  a more conventional l i g h t  gas  gun. In s t ead ,  i t  
i s  mere ly  a bu f fe r  between t h e  two, helping t o  even out  a c c e l e r a t i o n  
peaks which would otherwise be t o o  much f o r  t h e  p r o j e c t i l e  t o  wi ths tand .  
I n  o rde r  f o r  t h e  gas  t o  a c t  i n  t h i s  way i t  must remain i n  t h e  b u f f e r  and 
not  l e a k  away pas t  t h e  p r o j e c t i l e  or t h e  co l l apse  po in t  or through any 
breaks i n  t h e  tube w a l l ,  I f  t h i s  could be  assured ,  i t  might b e  p o s s i b l e  
t o  cont inue  using t h i s  bu f fe r  during a c c e l e r a t i o n  t o  h igher  and h igher  
v e l o c i t i e s  without  be ing  l i m i t e d  b y  the  p rope r t i e s  of t h e  gas  i t s e l f .  
The con t r ac t  covering t h e  work repor ted  here  c a l l e d  f o r  a minimum 
of f o u r  complete s h o t s  t o  a t tempt  t o  demonstrate t h a t  a gas  bu f fe r  can 
indeed be  made t o  opera te  as ou t l ined  above. 
PRELIMINARY WORK 
Computer Simulat ion of F i r s t  Shot 
Ca lcu la t ions  were performed t o  determine t h e  t h e o r e t i c a l  behavior  
of t h e  explos ive  gun under i d e a l i z e d  cond i t ions .  The helium d r i v e r  gas 
was assumed t o  be an i d e a l  gas ,  l o s s e s  due t o  v i s c o s i t y  and hea t  conduc- 
t i o n  w e r e  ignored,  and t h e  explos ive  tube  co l l apse  was t r e a t e d  a s  an 
i d e a l  p i s t o n  d r iv ing  a shock i n t o  t h e  d r i v e r  gas .  P r o j e c t i l e  acce lera-  
t i o n ,  mu l t ip l e  shock r e f l e c t i o n s ,  and t h e  complicated high-energy 
gasdynamics i n  t h e  d r i v e r  were taken i n t o  account by a h ighly  accu ra t e  
computer code developed a t  SRI. The accuracy of t h e  c a l c u l a t i o n s  was 
checked by rerunning t h e  code wi th  twice t h e  number of computational 
zones.  The r e s u l t s  of t h e  computer c a l c u l a t i o n  for t h e  chosen gun 
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conf igura t ion  a r e  shown i n  F ig .  2 .  Computational i naccurac i e s  due t o  
t h e  f i n i t e  d i f f e r e n c e  approximation are  apprec iab le  only i n  t h e  v i c i n i t y  
of t h e  shock r e f l e c t i o n s ,  where t h e r e  i s  overshoot of perhaps 10% i n  t h e  
p re s su re ,  followed by a highly damped r ing ing .  
The i n i t i a l  p re s su re  of t h e  d r i v e r  g a s ,  t h e  de tona t ion  v e l o c i t y  of 
t h e  explos ive ,  and t h e  l eng th  of t h e  d r i v e r  w e r e  chosen t o  provide 
approximately equal  p r o j e c t i l e  base pressures  a t  t h e  f i r s t  and second 
shock r e f l e c t i o n .  A t h i r d  r e f l e c t i o n  i s  shown, but  i t s  magnitude i s  
g r e a t l y  diminished because of t h e  high p r o j e c t i l e  v e l o c i t y  and t h e  
expansion of t h e  d r i v e r  gas .  The magnitude of t h e  t h i r d  r e f l e c t i o n  can 
be  increased  t o  main ta in  an  approximately cons tan t  base p re s su re  only 
by inc reas ing  t h e  p i s t o n  v e l o c i t y .  
Launch Tube Col lapse  Experiments 
To prevent  loss  of d r i v e r  gas due t o  expansion and cracking of t he  
launch tube  a t  high i n t e r n a l  gas  pressures  (approximately 8 kbar peak 
p r e s s u r e ) ,  t h e  tube  was o r i g i n a l l y  designed t o  wi ths tand  t h e  expected 
p res su res  s t a t i c a l l y .  The design ca l led  f o r  h igh-s t rength ,  4130 a l l o y  
s tee l ,  drawn tub ing ,  4.75 mm i . d .  by 1 2 . 7  mm 0 . d .  
An experimental  i n v e s t i g a t i o n  was i n i t i a t e d  t o  determine t h e  
behavior  of t h i s  h igh-s t rength  tubing under condi t ions  of explos ive  
load ing .  A 60 cm s e c t i o n  was t e s t e d  wi th  s u f f i c i e n t  explos ive  t o  provide 
a r a t i o  of explos ive  charge mass t o  tube mass equal  t o  1 . 3 .  The tube  
c o l l a p s e  was observed us ing  a 300 kV F ie ld  Emission Corporat ion f l a s h  
X-ray source ,  and t h e  co l lapsed  tube w a s  recovered f o r  te rmina l  observa- 
t i o n .  
The tube d i d  not  co l l apse  f u l l y ,  a r e s u l t  which was subsequent ly  
shown t o  be caused by t h e  f a c t  t h a t  t h e  energy given t o  t h e  tube  wal l s  
du r ing  t h e  impulsive a c c e l e r a t i o n  by t h e  explos ive  was not s u f f i c i e n t  
t o  overcome t h e  long-durat ion r e s i s t a n c e  t o  motion due t o  p l a s t i c  y i e ld ing  
of t h e  high s t r e n g t h  tube m a t e r i a l .  The importance of t h i s  r e s i s t a n c e  
phenomenon, which had not  previously been recognized s i n c e  r e l a t i v e l y  l o w -  
s t r e n g t h  tub ing  had been used i n  e a r l i e r  experiments ,  l ed  t o  a t h e o r e t i c a l  
r e a p p r a i s a l  of t h e  tube  co l l apse  and tube  expansion problems f o r  a more 



































Theory of Tube Collapse and Tube Expznsion 
I t  was found t h a t  exac t  a n a l y t i c a l  p r e d i c t i o n s  of t h e  motion of a 
metal  tube under uniform i n t e r n a l  or ex te rna l  loading  could be made by 
d i s r ega rd ing  r eve rbe ra t ion  e f f e c t s  within t h e  tube  wa l l .  The wal l  
material  w a s  assumed t o  fol low t h e  von Mises y i e l d  c r i t e r i o n ;  i . e . ,  t h e  
shear  s t r e s s  i n  f u l l y  developed p l a s t i c  flow i s  cons tan t  and r e l a t e d  
t o  t h e  von Mises t enso r  stress i n v a r i a n t .  The equat ions  of motion were 
found t o  be a n a l y t i c a l l y  i n t e g r a b l e  f o r  a condi t ion  of cons tan t  i n t e r n a l  
or e x t e r n a l  stress. Numerical i n t e g r a t i o n  i s  r equ i r ed  f o r  more complex 
s i t u a t i o n s .  
The theory shows t h a t  t h e  mechanisms of tube  expansion and tube 
c o l l a p s e  a r e  c l o s e l y  r e l a t e d  and t h a t  t h e  explos ive  gun tube  must be 
c a r e f u l l y  chosen t o  minimize undesirable  tube  expansion r e s u l t i n g  from 
high  i n t e r n a l  pressures  while  a t  t h e  same t i m e  a l lowing t h e  tube t o  be 
f u l l y  c losed  by t h e  impulsive loading of high exp los ives .  
A s  a r e s u l t  of t h e s e  t h e o r e t i c a l  c a l c u l a t i o n s ,  t h e  des ign  of t h e  
exp los ive  gun tube w a s  modified t o  include a high-pressure breech 
s e c t i o n  and t o  replace h igh-s t rength  4130 steel wi th  more d u c t i l e  1015 
s teel .  The breech s e c t i o n ,  which cons i s t s  of l o c a l  s t rengthening  of t he  
tube  i n  t h e  v i c i n i t y  of t h e  i n i t i a l  p r o j e c t i l e  p o s i t i o n ,  i s  designed t o  
prevent  excess ive  tube  expansion i n  the  v i c i n i t y  of the a c c e l e r a t i n g  
p r o j e c t i l e .  By  cons ider ing  t h e  time s c a l e  of shock-pressure pulses  a t  
t h e  base  of t h e  p r o j e c t i l e ,  t h e  add i t iona l  s t r eng then ing  w a s  found t o  
be necessary  over 10  cm of t h e  length  of t h e  tube  centered a t  t he  
i n i t i a l  p r o j e c t i l e  p o s i t i o n .  
The tub ing  was c a r e f u l l y  chosen t o  provide f o r  e f f e c t i v e  tube 
c o l l a p s e  and minimum tube  expansion, bu t  t h e  des ign  i s  based on l i m i t e d  
d a t a  concerning t h e  behavior of a l loy  steels under dynamic load ing .  
The 1015 a l l o y  (co ld- ro l led)  was chosen a s  t h e  b e s t  compromise i n  terms 
of s t r e n g t h ,  behavior  under condi t ions of p l s rs t ic  y i e l d i n g ,  and commercial 
a v a i l a b i l i t y .  Some f u r t h e r  research  w i l l  be necessary ,  e s p e c i a l l y  i f  
t h e  gun i s  t o  be used wi th  more soph i s t i ca t ed  explos ive  arrangements i n  
which a tub ing  c l o s e r  t o  optimum may be r equ i r ed .  
I 
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FIRST TWO COMPLETE GUN SHCYI'S 
Conf igura t ion  
The conf igu ra t ion  of t h e  gun fo r  t h e  f i r s t  two s h o t s  is  shown i n  
F ig .  3. I t  co inc ides  wi th  t h e  parameters chosen f o r  t h e  f i r s t  computer 
s imula t ion .  The 396 c m  d r i v e r  (containing 7.9 bars  of helium] and t h e  
300 c m  evacuated launch tube  
drawn tubing ,  6.27 mm i.d. by 11.1 mm 0.d. The d r i v e r  and launch tube  were 
connected by a 10 cm s t rengthened  breech s e c t i o n  conta in ing  t h e  necessary  
vacuum s e a l s .  
he ld  i n  p lace  by a shea r  t a b .  Launch tube  l e n g t h  for t h e  f i r s t  two s h o t s  
was 300 c m ,  so  t h a t  only t h e  f i r s t  two shock r e f l e c t i o n s  would be e f f ec -  
t i v e  i n  a c c e l e r a t i n g  t h e  p r o j e c t i l e ,  The c a l c u l a t e d  v e l o c i t y  of t h e  
p r o j e c t i l e  a t  300 c m  w a s  13.9 km/sec. 
w e r e  constructed from 1015 a l l o y  steel 
The 0.155 g p r o j e c t i l e  was made of Lexan p l a s t i c ,  and was 
The launch tube  was s t ra ightened  t o  wi th in  0.025 mm i n  30 c m  by 
means of a r i g i d  H-beam cons t ruc t ion .  F ina l  alignment was performed 
wi th  an  alignment t e l e scope .  The d r i v e r  and t h e  launch tube f o r  t he  
e n t i r e  l e n g t h  of t h e  gun were surrounded by a s l e e v e  of Composition C-2 
exp los ive .  
Ins t rumenta t ion  
The launch tube  was connected t o  an evacuated observa t ion  chamber 
te rmina ted  by a wi tness  p l a t e .  The 122 cm observa t ion  chamber was 
cons t ruc t ed  of Luc i t e  and contained b a f f l e s  for minimizing o p t i c a l  
i n t e r f e r e n c e  r e s u l t i n g  from contaminated d r i v e r  g a s .  The observa t ion  
chamber w a s  backl ighted  wi th  an argon-bomb l i g h t  source  and viewed 
w i t h  a Beckman and Whitley Model 189  framing camera. A s l a b  of 6061 TO 
aluminum 5 c m  t h i c k ,  backed by a spa11 p la te ,was  provided f o r  te rmina l  
obse rva t ions .  
Ins t rumenta t ion  was included i n  t h e s e  f i rs t  s h o t s  t o  measure t h e  
l o c a t i o n s  of both t h e  p r o j e c t i l e  and t h e  explos ive  co l l apse  reg ion  a s  a 
f u n c t i o n  of t i m e ,  us ing  a p ropr i e t a ry  technique developed a t  SRI. This  
technique  had worked w e l l  i n  low-velocity guns (1 km/sec o r  l e s s )  and 
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Resul ts  
Because of an e r r o r  made while  computing t h e  de l ay  t i m e s  r equ i r ed  
f o r  t h e  sho t  and t h e  l i g h t  sources ,  the l i g h t  sources  w e r e  f i r e d  s e v e r a l  
hundred microseconds sooner than  they should have been on t h e  f i r s t  
complete s h o t .  The b l a s t  from t h i s  charge (about seven pounds of C-2 
explos ive)  would be  expected t o  d i s r u p t  t h e  viewing chamber and t o  bend 
t h e  end of t h e  launch tube  seve re ly  before  t h e  p r o j e c t i l e  a r r i v e d .  I t  
would a l s o  d i s r u p t  t h e  sensors  f o r  the  systems t o  measure t h e  p r o j e c t i l e  
and p i s t o n  p o s i t i o n s .  
The second sho t  was timed properly but  d i d  not  produce an i n t a c t  
p r o j e c t i l e .  The t a r g e t  p l a t e  w a s  h i t  and showed one l a r g e  c r a t e r  i n  t h e  
cen te r  surrounded by many smaller p i t s .  The framing camera record  showed 
a cloud of dark gas  emerging 58 psec a f t e r  t h e  ca l cu la t ed  emergence t i m e .  
The v e l o c i t y  of t h i s  cloud was about 8 d p s e c .  The sensor  f o r  t h e  
p r o j e c t i l e  p o s i t i o n  d i d  not  show any movement u n t i l  t h e  t i m e  a t  which 
t h e  de tona t ion  f r o n t  a r r i v e d .  A l l  these d a t a  suggested t h a t  t h e  projec-  
t i l e  broke up almost immediately.  
THIRD COMPLETE GUN SHOT 
A n a l y t i c a l  Work 
The most l i k e l y  source  of d i f f i c u l t y  i n  t h e  des ign  f o r  t h e  f i r s t  two 
sho t s  appeared to be t h e  high peak pressure va lue  of 8 kbar .  To reduce 
t h i s  p re s su re  it was necessary t o  lengthen t h e  gun and t o  use a lower 
i n i t i a l  gas  p re s su re .  Figure 4 shows t h e  r e s u l t s  of a computer run  
i n  which t h e  gas  r e s e r v o i r  l eng th  was doubled and t h e  i n i t i a l  p re s su re  
w a s  halved from t h e  va lues  used f o r  t he  f i rs t  two s h o t s .  A s  expected,  
t h e  peak p res su res  were a l s o  halved and t h e  launch  tube  l e n g t h  for a 
g iven  p r o j e c t i l e  v e l o c i t y  was doubled. 
Although a sho t  based on t h e  second computer run would sub jec t  t h e  
p r o j e c t i l e  t o  a p re s su re  which i t  can almost c e r t a i n l y  wi ths tand ,  t h e  
f i n a l  p r o j e c t i l e  v e l o c i t y  i s  s t i l l  very high--higher than  any y e t  
achieved i n  l i g h t  gas  guns. T o  avcic! t h e  unknown dangers which may 
e x i s t  a t  h igh  v e l o c i t i e s ,  t h e  launch tube  w a s  c u t  o f f  a t  t h e  po in t  where 
t h e  p r o j e c t i l e  base p re s su re  had f a l l e n  t o  a low l e v e l  j u s t  be fo re  
a r r i v a l  of t h e  second shock. 
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Conf igu ra  t i on 
I n  t h e  t h i r d  sho t  a 793 cm d r i v e r  conta in ing  3.95 b a r s  of helium was 
used; t h e  launch tube  w a s  100 c m  long. The l e n g t h  of t h e  r e in fo rced  
s e c t i o n  was 15 cm.  Except f o r  t h e s e  changes, t h e  sho t  w a s  i d e n t i c a l  t o  
t h e  f i r s t  two. The ca l cu la t ed  p r o j e c t i l e  v e l o c i t y  was 6 . 7  mm/psec. 
I ns t rument a t i on - 
The w i r e  s enso r  used t o  measure p r o j e c t i l e  p o s i t i o n  w a s  removed 
from t h i s  sho t  i n  case i t  was con t r ibu t ing  t o  p r o j e c t i l e  breakup. I n  
a d d i t i o n  t o  t h e  o t h e r  ins t rumenta t ion  l i s t e d  f o r  t h e  f i r s t  two s h o t s ,  a 
Beckman and Whitley s ingle-frame,  image-converter camera was used t o  
ob ta in  a s i n g l e ,  shor t -dura t ion  p i c t u r e  of t h e  observa t ion  chamber a t  a 
t i m e  when t h e  p r o j e c t i l e  should be i n  view. An exposure t i m e  of 10 nsec  
was used f o r  t h i s  camera so t h a t  image motion b l u r  would be reduced t o  
a minimum. 
Resu l t s  
N o  record  of t h e  p r o j e c t i l e  was made by e i t h e r  camera and no c r a t e r s  
w e r e  formed on t h e  t a r g e t  p l a t e .  The p i s t o n  p o s i t i o n  i n d i c a t o r  showed 
t h a t  t h e  de tona t ion  proceeded normally over t h e  e n t i r e  l e n g t h  of t h e  tube  
and t h e r e  w a s  no i n d i c a t i o n  of mistiming of any of t h e  ins t rumenta t ion .  
FOURTH COMPLETE SHW 
Analy t i ca l  Work 
Th i s  l a b o r a t o r y  i s  engaged a t  present  i n  t h e  development of another  
implos ive ly  d r i v e n  s y s t e m  f o r  producing wel l -charac te r ized  b l a s t  waves. 
I n  t h e  course of t h a t  work i t  has become c l e a r  t h a t  t h e  d e t a i l s  of t h e  
c o l l a p s e  of long metal  tubes t o  make shock d r i v e r s  may vary  cons iderably  
from t h e  s imple models which had been s u c c e s s f u l l y  used be fo re  t h e  s t a r t  
of t h i s  p r o j e c t .  One of t h e  most obvious symptoms of t h i s  complicat ion 
i s  t h a t  t h e  l e n g t h  of t h e  s lug  of shocked gas  does not  grow a t  t h e  expected 
r a t e  and, indeed ,  may reach  a s t eady- s t a t e  l e n g t h  q u i t e  soon. 
%-e factor which may play a s i g n i f i c a n t  p a r t  i n  t h i s  behavior  i s  
t h e  growth of boundary layers and t h e i r  i n t e r a c t i o n  w i t h  t h e  co l l apse  
p rocess .  I f  t h i s  i s  an important f a c t o r  a s h o r t ,  h igh-pressure d r i v e r  
should  be  less suscep t ib l e  t o  degradat ion i n  performance than  a long ,  
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low-pressure one. I f  t h e  t h i r d  sho t  did f a i l  f o r  some reason such a s  
t h i s ,  i t  would e a s i l y  e x p l a i n  t h e  evidence, or l a c k  of evidence. A 
s l u g  of shocked gas which i s  t o o  s h o r t  w i l l  r e s u l t  i n  a very h igh  second 
shock p res su re  which would break up t h e  p r o j e c t i l e  and al low gas t o  pass  
by. I t  i s  then l i k e l y  t h a t  t h e  p r o j e c t i l e  fragments would be overtaken 
by t h e  de tona t ion  f r o n t  be fo re  they  could l eave  t h e  launch tube .  
A thorough i n v e s t i g a t i o n  of t h e  shock bui ldup i n  metal tubes was 
obviously beyond t h e  scope of t h i s  p r o j e c t .  The l i t t l e  a l r eady  known, 
however, suggested t h a t  t h e  b a s i c  design used f o r  t h e  f i r s t  two s h o t s  
w a s  less l i k e l y  t o  g i v e  t r o u b l e  than  t h a t  used f o r  t h e  t h i r d .  Accordingly,  
t h e  f o u r t h  sho t  was based on t h e  computer  run shown i n  F ig .  2 .  
Four changes i n  t h e  design used f o r  t h e  f i r s t  two s h o t s  were 
planned, t o  reduce t h e  r i s k  of f a i l u r e .  F i r s t ,  a f i b e r - f i l l e d  Lexan 
m a t e r i a l  was used which should have almost doubledthe t e n s i l e  s t r e n g t h  
of t h e  unreinforced m a t e r i a l .  Second, t h e  complicated j o i n t  a t  t h e  breech 
w a s  e l imina ted  and t h e  p r o j e c t i l e  was simply pressed i n t o  a continuous 
p i ece  of t ub ing  and held by f r i c t i o n .  T h i r d ,  i t  was planned t o  hone out 
t h e  launch tube  t o  provide a smoother f l i g h t  f o r  t h e  p r o j e c t i l e .  Honing 
a 2 .5  meter tube  only 6 mm i n  diameter i s  not r o u t i n e ,  however, and 
even w i t h  t h e  a s s i s t a n c e  of t h e  personnel a t  Ames Laboratory w e  were not  
a b l e  t o  set up t h e  s y s t e m  fo r  doing t h i s  i n  t i m e  for t h e  shct.  
* 
The f i n a l  planned modif icat ion was t o  increase t h e  exp los ive  loading 
s l i g h t l y  t o  reduce t h e  p r o b a b i l i t y  of gas  leakage through t h e  c o l l a p s e  
p o i n t .  A l l  t h e  e a r l i e r  s h o t s  using t h i s  tubing had been loaded w i t h  a 
c o n c e n t r i c  exp los ive  c y l i n d e r  w i th  an o u t s i d e  diameter  of 15/16 i n c h ,  
g i v i n g  a c a l c u l a t e d  charge-to-metal r a t i o  (C/M) of 1.061. This  design 
had been t e s t e d  i n  s h o r t  l eng ths  which were found t o  c o l l a p s e  s a t i s -  
f a c t o r i l y  without j e t t i n g .  Two o the r  des igns  were t e s t e d  b e f o r e  t h e  
f i n a l  s h o t  of t h i s  p r o j e c t  was assembled. The exp los ive  o u t s i d e  
d i ame te r s  used were 1.0 i n c h  and 1.125 i n c h ,  g i v i n g  C/Ms of 1.256 and 
* P o l y c a r b a f i l  G 50/20/HD, made by F i b e r f i l ,  I n c . ,  Evansv i l l e ,  Indiana 
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1.460. Two-foot l eng ths  of tubing were co l l apsed  by t h e s e  explos ive  
loadings  and wi tness  p l a t e s  were provided t o  determine if j e t t i n g  
occurred.  Both p l a t e s  showed cons iderable  c r a t e r i n g  and i t  was concluded 
t h a t  even t h e  s l i g h t  i n c r e a s e  of C/M from 1.061 t o  1.256 was enough t o  
cause j e t t i n g ;  t h e  15/16 diameter  charge was t h e r e f o r e  chosen f o r  t h e  
f i n a l  s h o t .  
Conf igura t ion  
The f o u r t h  sho t  had a 420 c m  d r i v e r  con ta in ing  7 .9  ba r s  of helium; 
2 
t h e  launch tube  was 250 cm long. The p r o j e c t i l e  mass was 0.5 g/cm a s  
be fo re  and i t s  th i ckness  was 0.37 cm.  This  r e s u l t i n g  i n  a th ickness- to-  
diameter  r a t i o  of 0.59. 
tubing was continuous through t h e  breech and t h e  only j o i n t  was 55 cm away, 
i n  t h e  d r i v e r  tube .  The breech was r e in fo rced  over  a 15  cm l eng th .  
The ca l cu la t ed  v e l o c i t y  was 13 .8  mm/psec. The 
Ins t rumen ta t ion  
The in s t rumen ta t ion  used for t h i s  sho t  was t h e  same a s  t h a t  used 
on t h e  t h i r d  s h o t .  
Resu l t s  
The l a s t  two frames of t h e  framing camera record  show some dark  gas  
emerging from t h e  launch tube .  This  occurred 130 p s e c  a f t e r  t h e  c a l c u l a t e d  
emergence t i m e  and only 35 psec before  t h e  de tona t ion  f r o n t  should a r r i v e  
a t  the  muzzle. The t a r g e t  p l a t e  was n o t  p i t t e d .  
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Sec t ion  5 
CONCLUSIONS AND RECOMMENDATIONS 
The most obvious conclusion t o  be drawn from t h i s  p r o j e c t  i s  t h a t  
a continuous p i s t o n  gun cannot be assembled by s imple ex tens ion  of t h e  
techniques and knowledge gained during t h e  ear l ie r  work f o r  A m e s .  The 
major d i f f e r e n c e s  between t h e  des igns  s tud ied  under t h i s  p r o j e c t  and 
those  s t u d i e d  e a r l i e r  a r e  t h a t  a metal tube  w a s  being co l lapsed  and 
t h a t  it was much longer  than  those  s tud ied  before .  I t  i s  l i k e l y  t h a t  
t h e  h e a r t  of t h e  d i f f i c u l t y  experienced dur ing  t h i s  p r o j e c t  i s  connected 
wi th  t h e s e  two changes. I f  t h i s  i s  s o  i t  w i l l  be necessary t o  back up 
and look a t  some of t h e  b a s i c  behavior of co l l aps ing  metal tubes  be fo re  
a r a t i o n a l  gun des ign  can be assembled wi th  a good chance of success. 
The fol lowing program i s  suggested a s  one which should y i e l d  t h e  





5 .  
6. 
Measure t h e  shock f r o n t  motion i n  long metal  tubes  t o  
determine i f s i g n i f i c a n t  dev ia t ions  from c a l  cu la t ed  
behavior  a r e  tak ing  p l ace .  
I f  r equ i r ed ,  i n v e s t i g a t e  t h e  d e t a i l s  of t h e  co l l apse  
process  and make des ign  modif icat ions t o  e l imina te  or 
reduce gas  leakage through the  co l l apse  reg ion .  
Acce lera te  a s t a b l e ,  heavy p r o j e c t i l e  t o  a low v e l o c i t y  
w i t h  a shock of known c h a r a c e t e r i s t i c s ,  and compare t h e  
v e l o c i t y  h i s t o r y  wi th  ca l cu la t ions .  
Repeat S t ep  3 but  lengthen  the  launch tube  s o  t h a t  two 
shocks a c c e l e r a t e  t h e  p r o j e c t i l e .  If p o s s i b l e ,  t h i s  
should s t i l l  be done a t  a low v e l o c i t y  provided sa t i s -  
f a c t o r y  low de tona t ion  ra te  explos ives  a r e  a v a i l a b l e .  
Work up g radua l ly  t o  h igher  pressures  and h igher  v e l o c i t i e s .  
For a l l  s h o t s  t h e  launch t u b e  should be  honed and a l l  p a r t s  
of t h e  tube  should be monitored t o  make s u r e  t h a t  nothing 
comes a p a r t  a t  t h e  wrong t i m e .  
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The major unknown i n  such a program i s  the d i f f i c u l t y  t h a t  may be 
encountered i n  S tep  2 .  It  now seems l i k e l y  t h a t  a s l i g h t  i n c r e a s e  i n  
t he  exp los ive  loading should be s u f f i c i e n t  t o  e l i m i n a t e  leakage a t  t h e  
c o l l a p s e  po in t  a f t e r  boundary l a y e r s  begin t o  form. This may no t  be 
t r u e ,  however, and o t h e r ,  more complex, schemes may be r equ i r ed .  The 
p o t e n t i a l  performance of such a gun, once developed, i s  so much higher  
t han  any now a v a i l a b l e  t h a t  w e  f ee l  tha t  t h e  e f f o r t  i s  w e l l  j u s t i f i e d .  
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